A novel Gram-staining-negative, aerobic and rod-shaped strain designated 541
, with which it shared the highest 16S rRNA gene sequence similarity (98.8 %). The predominant respiratory quinone was ubiquinone-10 (Q-10), the major polyamine was sym-homospermidine and the major cellular fatty acids were C 18 : 1 !7c (50.9 %), C 16 : 0 (22.0 %) and C 14 : 0 2-OH (11.4 %). The major polar lipids were phosphatidylethanolamine, phosphatidylglycerol, diphosphatidylglycerol, phosphatidylcholine and sphingoglycolipid. The DNA G+C content was 64.7 mol%. DNA-DNA relatedness between strain 541 T and its closest The genus Sphingomonas was originally described by Yabuuchi et al. (1990) and belongs to the family Sphingomonadaceae of the class Alphaproteobacteria (Kosako et al., 2000; Anzai et al., 2000; Lee et al., 2005) . Subsequently the description of the genus has been emended and it has been divided into four genera: Sphingomonas sensu stricto, Sphingobium, Novosphingobium and Sphingopyxis based on phylogenetic, chemotaxonomic and physiological evidence (Takeuchi et al., 1993 (Takeuchi et al., , 2001 Yabuuchi et al., 2002; Busse et al., 2003; Chen et al., 2012) . At the time of writing the genus Sphingomonas comprised about 90 validly named species (http://www.bacteri.-net/index.html), including the recently described species Sphingomonas zeae (K€ ampfer et al., 2015) , Sphingomonas psychrolutea , Sphingomonas lacus and Sphingomonas morindae .
During an investigation of the diversity of endophytic bacteria in maize, a novel strain, designated 541 T , was obtained. Polyphasic taxonomy data indicated that this strain represents a novel species of the genus Sphingomonas.
Strain 541
T was isolated from surface-sterilized root tissue of maize planted in the Fangshan District of Beijing, People's Republic of China. The entire maize plant was dug out at tasseling time and washed with tap water, then the roots were cut and the surface was sterilized by immersion in 70 % ethanol for 1 min, in 2 % sodium hypochlorite for †These authors contributed equally to this work.
The GenBank accession number for the 16S rRNA gene sequence of strain 541 T is KP172592.2.
Eight supplementary figures are available with the online Supplementary Material.
10 min followed by three 10 min rinses in sterile distilled water. To check for surface contamination, samples were imprinted on triplicate plates of tryptic soy agar (TSA) (BD Diagnostics). Tissues found to be free of surface contamination were ground in a small volume of water with sterile mortar and pestle, further diluted with sterile water, and plated onto LB medium (Miller, 1972) . After aerobic incubation at room temperature for 2-3 days, colonies that appeared on the LB agar plates were then picked and re-streaked on fresh media, until pure cultures were obtained. Strain 541 T was selected and pure culture was maintained at À80 C in 30 % (v/v) glycerol. The type strain DSM 19645
T of the most closely related species Sphingomonas sanxanigenens was used as reference strain under the same conditions.
Colonial properties of the isolate were observed on LB medium agar plates. Cells morphology was examined by scanning electron microscopy (S-3400N, Hitachi). The flagella type was determined by transmission electron microscopy (JEM-1400, JEOL) after 24 h incubation of strain 541 T on LB medium agar at 28 C. Gram staining was determined using the bioM erieux Gram Stain kit according to the manufacturer's instructions. Growth was tested at 5, 10, 15, 20, 25, 30, 35, 37, 40, 45 and 50 C on LB medium agar. The pH range for growth was determined by measuring the OD 600 of LB broth cultures after 3 days at 28 C. pH was adjusted prior to sterilization to pH 4-10 (at intervals of 1.0 pH unit) using appropriate biological buffers (Breznak & Costilow, 2007; Delory & King, 1945) : citrate/Na 2 HPO 4 buffer, pH 4.0-5.0; phosphate buffer, pH 6.0-7.0; Tris buffer, pH 8.0-9.0 and NaHCO 3 /Na 2 CO 3 buffer, pH 10.0. Verification of the pH after autoclaving revealed only minor changes. Tolerance to NaCl was determined using LB medium agar containing various NaCl concentrations (0-7.0 % (w/v), intervals of 1 %). Catalase activity was determined by bubble production in 3 % (v/v) H 2 O 2 and oxidase activity was tested using oxidase reagent (bio-M erieux) according to the instructions of the manufacturer. Carbon source utilization tests, acid production tests and additional physiological and biochemical characteristics were performed by using Biolog GN3 microtest system (Biolog) and API 20NE and API ZYM systems (bioM erieux) according to the manufacturer's instructions.
In order to determine cellular fatty acid composition, strain 541
T and the reference strain DSM 19645 T of S. sanxanigenens were incubated for 3 days on NK medium agar (Huang et al., 2009 ) at 28 C. The two strains were harvested at the same growth stage. The cellular fatty acids were derivatized to methyl esters (Sasser, 1990 ) and analyzed by gas chromatography (model 6890, Hewlett Packard) using the Microbial Identification System (MIDI; Sherlock Version 6.0) software package. Polar lipids of strain 541
T were extracted according to the method of Bligh & Dyer (1959) . Extracted polar lipids were separated by two-dimensional silica gel TLC. Chloroform/methanol/water (65 : 25 : 4, by volume) was used as the first solvent system and chloroform/methanol/glacial acetic acid/water (80 : 12 : 15 : 4, by volume) was used as the second solvent system. Individual lipids were detected by using the following spray reagents: ninhydrin, to detect lipids containing free amino groups (Consden & Gordon, 1948) ; molybdenum blue reagent, to detect lipids containing phosphate esters (Komagata & Suzuki, 1988) ; Dragendorff reagent, to detect lipids containing quaternary nitrogen groups (Kates, 1896) ; molybdatophosphoric acid was used to obtain a fingerprint of the total lipid content (Collins & Jones, 1980; Minnikin et al., 1984) .
Subsequently, lipids were identified by comparing Rf values, using commercially prepared standards (Sigma) and lipid extracts from reference type strains. The sphingolipids and phosphatidylmonomethylethanolamine of strain 541
T were identified by comparing the TLC Rf values with those of S. sanxanigenens DSM 19645
T (Huang et al., 2009) . Respiratory quinones were analysed by the identification service of the China Center of Industrial Culture Collection (CICC) according to the methods of Collins (1985) and Wu et al. (1989) . Ubiquinones were detected at 208 nm and 273 nm respectively, which are characteristic absorption wavelengths of ubiquinones. Subsequently, Q-9 and Q-10 were identified by comparing the retention times with those of the Q-9 and Q-10 extracts from published reference type strains. Q-9 and Q-10 were analyzed quantitatively by comparing related peak areas. Polyamines were extracted as described by Takeuchi et al. (2001) and Busse et al. (1997) with some modifications: strain 541 T and the reference strain S. sanxanigenens DSM 19645 T were incubated for 3 days on TSA agar at 28 C. About 0.5 g wet cells were harvested from the agar plates at the same growth period. Cells were homogenized in 0.5 M perchloric acid (HClO 4 ) and centrifuged. A 0.4 ml sample of the supernatant was transferred to a tube containing 0.3 ml saturated Na 2 CO 3 solution (500 mg ml À1 ), and 0.4 ml dansyl chloride solution (5 mg ml À1 in acetone) was added. The tube was closed tightly, and dansylation was performed for 25 min at 60 C. Subsequently, 0.1 ml proline solution (100 mg ml
À1
) was added to bind the excess dansyl chloride during incubation for 10 min at 60 C. After cooling to 5 C, the polyamines were extracted with 0.5 ml toluene with shaking. Polyamines in the upper organic phase were collected. Extracted polyamines were separated by silica-gel TLC. Chloroform/ triethylamine (100 : 20, by volume) was used as the solvent system. Individual polyamines were detected under UV light. The polyamines of strain 541
T were identified by comparing the TLC Rf values with those of S. sanxanigenens DSM 19645 T under our laboratory condition.
Preparation of genomic DNA was carried out according to the method of Marmur (1961) . The G+C content of the DNA was determined using the thermal denaturation method (Marmur & Doty, 1962) A loop of biomass was scraped off the LB medium agar plate, suspended in 100 µl ddH 2 O and lysed by boiling for 10 min and freezing for 5 min. After centrifugation, the supernatant was used as the template for PCR. The 16S rRNA gene was amplified using the universal primers 27F and 1492R (Lane, 1991) . Purified PCR products approximately 1.5 kb in length were cloned to pGEM-T and sequenced in an ABI 3730 sequencer (ABI) following the manufacturer's protocols. The almost complete 16S rRNA gene sequence (1445 bp) was determined by direct sequencing and compared with available 16S rRNA gene sequences in the EzTaxon database (http:// eztaxon-e.ezbiocloud.net/; Kim et al., 2012) . Multiple alignments were performed using the CLUSTAL X program (Thompson et al., 1997) and the model selection test was used to determine the best model by using the software package MEGA version 6.0 (Tamura et al., 2013) . The Kimura two-parameter model was used to calculate evolutionary distances. The phylogenetic trees were reconstructed with the neighbor-joining method (Saitou & Nei, 1987) , maximum-likelihood method (Felsenstein, 1981) and minimum evolution method (Rzhetsky & Nei, 1992 with the MEGA6 program (Tamura et al., 2013) . In each case bootstrap values were calculated based on 1000 replications. Nearest-neighbour-interchange was applied to the maximum-likelihood analysis.
The cells of strain 541 T were found to be Gram-staining-negative, aerobic rods approximately 0.4-0.6 µm in width and 0.9-1.9 µm in length, after 48 h of incubation at 28 C on LB agar (Fig. S1 , available in the online Supplementary Material) and motile by means of multiple flagella (Fig. S2) . Colonies are circular with entire margins, convex, yellowish, glossy and less than 1 mm in diameter on LB agar plates after 3 days incubation at 28 C. Growth occurs at 5-45 C (optimum 25 C), at pH 6.0-8.0 (optimum pH 7.0) and at 0-2 % (w/v) NaCl (optimum 0 %). In the API 20 NE system, both strain 541 T and DSM 19645 T were positive for hydrolysis of aesculin and gelatin, b-galactosidase activities, assimilation of D-glucose, L-arabinose, D-mannose, D-maltose, potassium gluconate and malic acid; but both were negative for reduction of nitrate, fermentation of glucose, hydrolysis of L-arginine and urea and assimilation of mannitol, N-acetyl-glucosamine, capric acid, adipic acid, trisodium citrate and phenylacetic acid. In the API ZYM system, both strain 541 T and DSM 19645 T were positive for C4 esterase, acid phosphatase and naphthol-AS-BI-phosphophydrolase; but both were negative for alkaline phosphatase, C8 lipase, leucine arylamidase, valine arylamidase, cystine arylamidase, trypsin, a-glucosidase, N-acetyl-b-glucosaminidase, C14 lipase, a-chymotrypsin, a-galactosidase, b-galactosidase, b-glucuronidase, b-glucosidase, a-mannosidase and a-fucosidase activities. In the Biolog GN3 microplate system: both strains 541 T T are shown in Table 1 .
The major fatty acids (above 10 %) of strain 541
T included C 18 : 1 !7c (50.9 %), C 16 : 0 (22.10 %) and C 14 : 0 2-OH (11.4 %), and strain 541 T can easily be differentiated from the closely related species S. sanxanigenens DSM 19645
T by the observed differences in the fatty acid profiles (detailed in Table 2 ).
The dominant polar lipids were phosphatidylethanolamine, phosphatidylglycerol, diphosphatidylglycerol, phosphatidylcholine, sphingoglycolipid and trace amounts of phosphatidylmonomethylethanolamine and one unidentified phospholipid, which were similar to those of the type strain DSM 19645 T of the closely related species S. sanxanigenens ( Figs S3 and S4) . Its respiratory quinones consisted of Q-10 (96 %) and Q-9 (4 %) (Fig. S5) . The polyamine patterns of strain 541
T was the same as those of the type strain DSM 19645 T of S. sanxanigenens (Fig. S6) , which has been reported to contain a predominance of sym-homospermidine and trace amounts of spermidine (Huang et al., 2009) .
The DNA G+C content of 541 T was 64.7 mol%. Genomic DNA relatedness between 541 T and its closest phylogenetic relative Sphingomonas sanxanigenens DSM 19645 T was 50. 8 ±1.8 %, which is below the recommended value of 70 % for species definition (Wayne et al., 1987) . T with those of species with validly published names showed that strain 541
T represented a member of the genus Sphingomonas. In addition, the 16S rRNA signatures presenting at positions 52 : 359 (C : G), 134 (G), 593 (G), 987 : 1218 (G : C) and 990 : 1215 (U : G) supported this position within the genus Sphingomonas (Takeuchi et al., 2001) . The only high 16S rRNA gene sequence similarity (98.9 %) was between strain 541 T and the type strain DSM 19645 T of S.sanxanigenens, while the 16S rRNA gene sequence similarities between strain 541 T and the type strains of other members of the genus Sphingomonas with validly published names were all below 96.5 %. Phylogenetic analysis based on 16S rRNA gene sequences of 541
T and other related species of the genus Sphingomonas showed that strain 541 T formed a stable cluster with the closely related species S. sanxanigenens (Fig. 1) . The topologies of phylogenetic trees reconstructed using the maximum-likelihood and minimum evolution methods also supported this result ( Figs S7 and S8 ).
Based on all the results mentioned above, strain 541 T represents a novel species of the genus Sphingomonas, for which the name Sphingomonas zeicaulis sp. nov., is proposed.
Description of Sphingomonas zeicaulis sp. nov.
Sphingomonas zeicaulis (ze.i.cau.lis. L. fem. n. zea a kind of grain; Zea mays; L. masc. n. caulis stem; N.L. gen. n. zeicaulis of the stem of Zea mays).
Cells are Gram-staining-negative, aerobic rods, approximately 0.4-0.6 µm in width and 0.9-1.9 µm in length after 48 h incubation at 28 C on LB agar and motile by means of multiple flagella. Colonies are circular with entire margins, convex, yellowish, glossy and less than 1 mm in diameter on LB agar plates after 3 days incubation at 28 C. Growth occurs at 5-45 C (optimum 25 C), at pH 6.0-8.0 (optimum pH 7.0) and at 0-2 % (w/v) NaCl (optimum 0 %). Positive for catalase activity. Negative for oxidase and hydrolysis of casein and starch. Positive for aesculin hydrolysis, b-galactosidase, assimilation of D-glucose, L-arabinose, D-mannose, D-maltose, potassium gluconate and malic acid. Positive for enzyme activities of C4 esterase, acid phosphatase and naphthol-AS-B1-phosphophydrolase, but negative for the following enzyme activities: alkaline phosphatase, C8 lipase, leucine arylamidase, valine arylamidase, cystine arylamidase, trypsin, a-glucosidase, N-acetyl-b-glucosaminidase, C14 lipase, a-chymotrypsin, a-galactosidase, b-galactosidase, b-glucuronidase, b-glucosidase, a-mannosidase and a-fucosidase. Positive for utilization of some substrates, such as D-maltose, The type strain, 541 T (=CGMCC 1.15008 T =DSM 100587), was isolated from surface-sterilized root tissue of maize planted in the Fangshan District of Beijing, People's Republic of China. The DNA G+C content of the type strain is 64.7 mol%.
